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1Department of Cell Biology, University of Texas Southwestern Medical Center, Dallas, TexasABSTRACT The use of propagation invariant Bessel beams has enabled high-resolution subcellular light sheet fluorescence
microscopy. However, the energy within the concentric side lobe structure of Bessel beams increases significantly with propa-
gation length, generating unwanted out-of-focus fluorescence that enforces practical limits on the imaging field of view size.
Here, we present a light sheet fluorescence microscope that achieves 390 nm isotropic resolution and high optical sectioning
strength (i.e., out-of-focus blur is strongly suppressed) over large field of views, without the need for structured illumination
or deconvolution-based postprocessing. We demonstrate simultaneous dual-color, high-contrast, and high-dynamic-range
time-lapse imaging of migrating cells in complex three-dimensional microenvironments, three-dimensional tracking of clathrin-
coated pits, and long-term imaging spanning >10 h and encompassing >2600 time points.INTRODUCTIONLight sheet fluorescence microscopy (LSFM), as a result of
its low illumination intensities and highly parallel fluores-
cence detection, has offered unprecedented insight into
photosensitive biological processes (1,2). Most commonly
in LSFM, a Gaussian beam propagating normal to the
detection axis illuminates the sample, and the resulting fluo-
rescence is imaged onto a scientific camera. The use of
Gaussian optics results in an inherent tradeoff between the
field of view (FOV), characterized by the Rayleigh length
of the beam, and Z-resolution (i.e., along the optical axis of
the detection objective), as characterized by the beam waist.
Thus, a high Z-resolution of ~300 nm can only be achieved
for a small FOVof ~2 mm (3), and the Z-resolution rapidly
degrades to several microns for a FOV >50 mm. Attempts
to extend the FOV without compromising the Z-resolution
have included the axial (i.e., the optical axis of the excitation
objective) superposition of two light sheets (4,5) and tiling of
multiple image stacks with axially displaced light sheets (6).
These techniques however come at the cost of more out-of-
focus blur or a reduced volumetric image acquisition rate.
Alternatively, the fusion of two orthogonal image views
enabled isotropic resolution throughout a ~50 mm FOV (7).
However, this also decreases the volumetric image acquisi-
tion rate twofold, and the volumetric reconstruction requires
computationally intensive iterative postprocessing (7).
In theory, propagation-invariant beams, including Bessel,
Airy, and extended depth of focus, maintain their cross-
sectional profile over arbitrarily long distances (8–12). AsSubmitted April 16, 2015, and accepted for publication May 12, 2015.
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0006-3495/15/06/2807/9 $2.00such, these beams were proposed as a method to decouple
the inverse relationship between Z-resolution and FOV.
Indeed, several microscopes have successfully used propaga-
tion invariant beams to bring subcellular imaging into the
realm of LSFM (9,10,13–15). However, in contrast to a
Gaussian beam that focuses almost all of the photons into a
beam waist, propagation invariant beams have intricate side
lobe structures. When such a beam is scanned laterally to
synthesize a time-averaged sheet of light (16), the side lobes
are incoherently summed and result in a beam skirt that
extends beyond the focal plane of the detection objective
(10). Furthermore, the beam skirt grows significantly with
propagation length (Note S1 and Figs. S1 and S2 in the Sup-
porting Material), generating out-of-focus fluorescence that
obscures the in-focus information. Of importance, because
the side lobe structure surrounds the beam, out-of-focus blur
cannot be completely rejected by confocal descanning alone
(9,17).
More recently, a coherent superposition of Bessel beams
was shown to reduce the side lobe energy above and below
the light sheet, adding an additional parameter (beam
spacing) with which Z-resolution and illumination confine-
ment for a given FOV can be balanced (14). This technique,
referred to as Lattice LSFM, successfully imaged samples
ranging from single molecules to developing embryos.
Nevertheless, even for a 15-mm long beam (full width at
half-maximum), the superposition pattern that provided
the highest Z-resolution (370 nm) suffered from poor illumi-
nation confinement, and conversely, the superposition
pattern that provided the highest illumination confinement
resulted in poor Z-resolution (~1.1 mm, Figs. S1 and S2).
Thus, the most successful applications of high-resolution
LSFM have employed short beams that reduce the beam
skirt for thin samples on glass coverslips (10,13,14).http://dx.doi.org/10.1016/j.bpj.2015.05.013
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strates and would benefit from high-resolution imaging
throughout large volumes. One prominent example includes
biomimetic, collagenous three-dimensional (3D) microenvi-
ronments where force can be transmitted >200 mm and
directly modulate cellular phenotype (18,19). Furthermore,
in 3D, cells adopt a variety of morphodynamic states (e.g.,
mesenchymal and amoeboid), and can migrate in any spatial
dimension (20). As such, an ideal LSFM would be able to
image the critical morphodynamic and subcellular features
with diffraction-limited Z-resolution, but with a FOV that
can capture biologically relevant length scales for cellular
migration and/or force transmission.
Currently, the only technology capable of imaging arbi-
trarily large FOVs with high illumination confinement and
resolution is two-photon Bessel beam LSFM (10,21).
Unfortunately, this technology is limited to a handful of
fluorophores with large two-photon cross sections, and suf-
fers from accelerated photodamage (22). To our knowledge,
no LSFM technology employing propagation invariant
beams and linear optics (i.e., one-photon excitation) achieves
similar imaging performance for large FOVs. Althoughmost
one-photon high-resolution LSFM techniques rely on decon-
volution methods or structured illumination to discard out-
of-focus fluorescence (7,9–11,13,14), it is questionable if
such approaches accurately deal with overwhelming blur.
Furthermore, deconvolution algorithms make explicit ap-
proximations regarding experimental noise, shift invariance,
signal discretization, local image smoothness, and/or point
spread function (PSF) characteristics (23). Unfortunately,
these approximations impact the statistics of the deconvolved
data, limiting their use in advanced, quantitative imaging
techniques (e.g., fluorescence resonance energy transfer,
fluorescence lifetime imaging microscopy, particle tracking,
etc.), and these issues are exacerbated under low signal/noise
(SNR) conditions where precise statistical modeling of the
raw data is required (24,25).
Here, we present a novel, to our knowledge, one-photon
LSFM method that provides simultaneous multicolor and
isotropic 390 nm resolution throughout a 216  162 
100 mm imaging volume. The microscope scans a light
sheet in its propagation direction synchronously with a
two-dimensional (2D) array of active pixels to effectively
suppress out-of-focus fluorescence, enabling deconvolu-
tion-free, structured illumination-free, optical sectioning.
Due to its beam scanning geometry, we refer to this tech-
nique as axially swept light sheet microscopy (ASLM).
We describe the design of the microscope, its performance
on densely labeled specimens, and conclude with dynamic
3D particle tracking of diffraction-limited structures.MATERIALS AND METHODS
Detailed information pertaining to the design, construction, and operation
of the microscope, as well as cell maintenance, sample preparation, imageBiophysical Journal 108(12) 2807–2815analysis, and optical simulations, are provided in the Supporting
Materials.RESULTS
ASLM concept
The concept of ASLM is shown in Fig. 1 A. Here, a laser
line focus (e.g., a Gaussian beam that has been shaped
into a line with a cylindrical lens) illuminates the sample
from the side and a widefield image from an orthogonal
viewing direction is acquired. As an example, Fig. 1 B
shows an image of fluorescently labeled rat tail collagen
acquired in this illumination geometry. A narrow strip
of in-focus fluorescence is flanked by out-of-focus blur,
with the width of the in-focus region determined by two
Rayleigh lengths (LR) of the beam. In Gaussian optics,
the Rayleigh length is defined as the propagation distance,
measured from the waist of the beam, which is necessary
for the beam radius to increase by
ﬃﬃﬃ
2
p
. Although there are
substantial differences in the intensity distribution of a
high-NA laser focus and a Gaussian beam (26), we found
that the Rayleigh length is a reliable estimate for the useful
range of line foci discussed here.
In theory, if one could restrict the active pixels on the
camera to the in-focus region only, and scan these pixels
synchronously with the beam along its propagation direc-
tion, an arbitrarily large field of view could be imaged
with minimal out-of-focus blur. This is commonly referred
to as optical sectioning, which is the ability to robustly reject
fluorescence arising from outside the focal plane. This
configuration has to be contrasted to confocal microscopy,
where illumination above and below the focal plane triggers
fluorescence that is incompletely rejected by the confocal
pinhole. Furthermore, because the in-focus region is imaged
onto a 2D array of active pixels in a widefield fashion, this
method offers significantly greater parallelization than laser
scanning or laser line scanning confocal microscopes.
Two recent innovations enable images to be acquired in
this manner. 1) Because of the flexible architecture of scien-
tific complementary metal-oxide semiconductor cameras, a
narrow strip of active pixels can be swept across the camera
at a user-specified velocity (27). 2) The axial position of
the beam can be rapidly and deterministically modulated
with an aberration-free remote focusing method (28,29).
Together, these two technologies enable large FOV, high-
resolution LSFM imaging with high optical sectioning
strength (Fig. 1 C). Alternatively, for cameras with nonflex-
ible readout architectures (e.g., electron-multiplied charge-
coupled devices), a physical descan/rescan mechanism
could be implemented (30).
ASLM belongs to a subclass of LSFM techniques known
as digitally scanned light sheet microscopy (DSLM) (16).
In DSLM, a beam of light is rapidly scanned laterally
in the focal plane of the detection objective to form a
FIGURE 2 Optical layout of the microscope and performance. (A)
Simplified scheme of the microscope. HWP, PBS, and QWP are the half-
wave plate, polarizing beam splitter, and quarter-wave plate, respectively.
(B) Illumination profile for the high-NA (0.80) and (C) low-NA (0.29)
line focus. The low-NA mode is achieved by underfilling the back pupil
plane of the excitation objective (see Supporting Materials). Data acquired
at the intermediate image plane located between the two tube lenses and
adjusted for the magnification of the objective. Scale bar 1 mm. (D) Overall
PSF (e.g., the product of the effective illumination profile and detection
PSF) for the high- and (E) low-NAmodes. Scale bar 1 mm. To see this figure
in color, go online.
FIGURE 1 Optical principle of ASLM. (A) The sample is illuminated
with a laser propagating along the Y-direction, which is focused to a diffrac-
tion-limited line, and fluorescence is collected orthogonally on a camera.
Only the pixels that image the beam waist are active. LR is the Rayleigh
length of the beam. The axial position of the illumination beam is swept
in the Y-direction synchronously with a 2D array of active pixels to generate
a large FOV image with beam-waist limited axial resolution. (B) Image of
fluorescently labeled collagen using an illumination NA of 0.8 to produce a
stationary line focus. Scale bar 10 mm. (C) Image of fluorescently labeled
collagen with beam scanning and synchronous active pixel readout. Scale
bar 10 mm. (D) Image of fluorescently labeled collagen using an illumina-
tion NA of 0.29 to produce a stationary line focus. (E) Image of fluores-
cently labeled collagen with beam scanning and synchronous active pixel
readout. Scale bar 10 mm. To see this figure in color, go online.
Axially Swept Light Sheet Microscopy 2809time-averaged light sheet during one camera exposure. The
main difference between ASLM and previously published
DSLM approaches is that we do not scan our beam laterally,
but axially, to create a time-averaged light sheet. Of impor-tance, this modification decouples the relationship between
the image field of view, optical sectioning, and Z-resolution.
In ASLM, the final image may be conceptualized both
theoretically and practically as the superposition of many
small and overlapping light sheet images, each with the
beam displaced in its propagation direction by a finite dis-
tance. The role of the 2D active pixel array is to select the
bounds of each instantaneous light sheet that is integrated
into the final image. Here, we define the resulting averaged
light sheet as the effective illumination profile. Of impor-
tance, ASLM is not limited to high-NA line foci but can
also be used with larger, low-NA light sheets, of which an
example is shown in Fig. 1 D. Provided that the instanta-
neous light sheet remains within the depth of focus of the
detection objective, the final image will maintain high opti-
cal sectioning strength over theoretically arbitrary distances
(Fig. 1 E).
A diagram of the microscope layout can be found in
Fig. 2 A. Here, a diffraction-limited line is focused onto a
piezo-actuated mirror that is located in the focal plane of
a remote focusing objective. Scanning the position of this
remote focusing mirror by d generates the exact wavefrontBiophysical Journal 108(12) 2807–2815
2810 Dean et al.necessary to shift the laser focus formed by the excitation
objective a distance of 2d in sample space, while conserving
diffraction-limited performance (28,29). A valuable attri-
bute to our optical scheme is that it provides highly uniform
illumination in both the X- and Y-dimensions. Uniform illu-
mination in the X-dimension results from using the center of
a highly expanded Gaussian beam before focusing it with
the cylindrical lens. In contrast, the uniform illumination
in the Y-dimension is a unique result of light sheet genera-
tion with an extended depth of focus mechanism (8,9).
This uniform top-hat illumination is in stark contrast to Bes-
sel beams of finite length that exhibit a Gaussian beam pro-
file in the propagation direction (9).FIGURE 3 XY and Z resolving power for cells embedded within a 3D
collagen matrix for ASLM and two-photon laser scanning confocal micro-
scopy. (A) XY and (B) YZ MIP of mEmerald-vimentin expressing cells as
imaged with ASLM. (C) XY and (D) YZ MIP of similar cells as imaged
with a two-photon laser scanning confocal microscope. Scale bar 10 mm.Microscope performance
In this manuscript we use an NA¼ 0.8 and 0.29 for the high-
and low-NA modes, with Rayleigh lengths of 0.62 and 4.88
mm, respectively. The low-NA mode is achieved by trun-
cating the illumination beam with a variable-width slit
that is conjugate to the back pupil plane of the excitation
objective. It is important to note that the out-of-focus illumi-
nation in ASLM increases with the propagation length of the
beam in a manner that is similar to one-photon Bessel LSFM
(10) and Square Lattice LSFM (14), for the high- and low-
NAmodes, respectively (Fig. S2). Although ASLM does not
detect the out-of-focus illumination, its presence is still
undesirable because it could lead to accelerated photo-
bleaching and phototoxicity (31). However, because we
can dynamically adjust the FOV by changing the remote
focusing mirror scan range, we can tailor the FOV exactly
to the length scale of the specimen, which reduces the over-
all light exposure without sacrificing evenness of illumina-
tion (9).
Fig. 2, B and C, compare the profile of the stationary laser
line focus as measured in transmission for the high- and
low-NA modes. Fig. 2, D and E, show the overall system
PSF (e.g., the product of the effective illumination profile
times the detection PSF) for ASLM measured with
100 nm fluorescent beads for the high- and low-NA modes.
The high-NA mode has a lateral resolution of 3805 20 nm
(in the XY plane, as measured from the full width at half-
maximum) and a Z-resolution of 390 5 6 nm. For the
low-NA mode, the lateral resolution remains unchanged,
but the Z-resolution increases to 919 5 8 nm. With linear
deconvolution, both the XY- and Z-resolution in the high-
NA mode can be improved to 299 and 316 nm, respectively,
but throughout this work we present, raw, nondeconvolved
data. Additional imaging results on fluorescent nanospheres
are presented in Fig. S3.
To demonstrate the ability of ASLM to image biological
samples with isotropic resolution, we imaged live retinal
pigment epithelial (RPE-1) cells expressing fluorescent pro-
tein fusions of TagRFP-T-b-tubulin and mEmerald-vimentin
from their genomic loci (32). Vimentin is a type-III interme-Biophysical Journal 108(12) 2807–2815diate filament implicated in cytoskeleton organization and
is a robust marker of epithelial to mesenchymal transition.
For initial experiments, only the vimentin intermediate fila-
ments were imaged. Fig. 3, A and B, show XY and YZ
maximum intensity projections (MIP) for a small cluster
of RPE-1 cells located within a 3D collagen matrix (see
Supporting Materials). Throughout this manuscript cells
were imaged at a depth of 100–150 mm within the collagen,
which is well within the reach of widefield microscopes
(Note S2, Fig. S4). The two views are virtually indistin-
guishable and provide the same amount of spatial detail,
highlighting the isotropic resolution obtained with ASLM.
For comparison, we imaged the same type of cells with a
commercial two-photon laser scanning confocal micro-
scope, because this is the method of choice for 3D imaging
deep within collagen matrices. Confocal images were ac-
quired with identical sampling (160 nm voxel size), albeit
with 4 line averaging to improve the SNR. Although the
fibers were observed in the lateral view (Fig. 3 C), the Z-res-
olution of the microscope was insufficient to identify vimen-
tin filaments (Fig. 3 D).
Next, we compared the optical sectioning power of
ASLM with two-photon laser scanning confocal micro-
scopy, and two-photon Bessel beam LSFM. Optical
sectioning is defined as the ability to reject light that stems
from out-of-focus planes. Generally, optical sectioning is
measured with an interface between a fluorescent and a
nonfluorescent region. However, creating sharp fluorescent
interfaces in a 3D environment is nontrivial due to the strict
refractive index matching required for water dipping objec-
tives. Here, we use dense cytosolic labeling within a cell
to provide a fluorescent interface between the intra- and
Axially Swept Light Sheet Microscopy 2811extracellular volumes. Fig. 4 A shows a raw YZ slice ob-
tained with the ASLM on a live collagen-embedded MV3
metastatic melanoma cell labeled with cytosolic mNeon-
Green (33,34). Despite the dense concentration of fluoro-
phores, the edges at the top and bottom of the cell are
very sharp and no blur is visible. Fig. 4, B and C, show
raw YZ slices of equivalent MV3 cells obtained with
a two-photon laser scanning confocal microscope (4 lineA
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FIGURE 4 Optical sectioning performance of cells embedded within a
3D collagen matrix for ASLM, two-photon laser scanning confocal micro-
scopy, and two-photon Bessel beam LSFM. (A) RawYZ slice of a MV3 cell
labeled with cytosolic mNeonGreen as imaged by ASLM, (B) two-photon
laser scanning confocal microscopy, and (C) two-photon Bessel beam
LSFM. Scale bar 10 mm. (D) Illustration of the pixel bands surrounding
the cell boundary that were used to measure the optical sectioning strength.
(E) Mean (lines) and standard deviation (colored bands) of the spatially
averaged edge response in the Z-direction measured for ASLM (N ¼ 5),
two-photon Bessel beam LSFM (N ¼ 5), and two-photon laser scanning
microscopy (N ¼ 6). Inset shows full axial response.average applied) and a digitally scanned two-photon Bessel
beam LSFM, respectively. Because of the two-photon exci-
tation, out-of-focus fluorescence is also strongly suppressed.
Nevertheless, the edge of the cell is less clearly defined in Z
in the two-photon laser scanning confocal microscope and
the two-photon Bessel beam LSFM.
To measure optical sectioning, we used an unsupervised
computer vision analysis that measures the axial intensity
variation within a 3D volume. We produced multiple
1-voxel-wide bands within a volume, which encompassed
the cell and blur contributions in the Z-direction, as sche-
matically illustrated in Figs. 4 D and S5 and detailed in
Note S3 in the Supporting Material. We obtained an approx-
imation of the step response in the Z-direction by averaging
the intensity over each band and recentering the line profile
according to the obtained sigmoid center. We repeated this
measurement for at least five cells under each imaging con-
dition. The results clearly illustrate that ASLMmore rapidly
reaches background values above and below the cell in Z
than the other two techniques (Fig. 4 E). To quantify optical
sectioning, we measured the haze ratio, which we define as
the integrated signal present above and below the cell
normalized to the integrated intracellular signal. ASLM fea-
tures the lowest haze ratio of 0.055 0.01 (mean and stan-
dard deviation), followed by two-photon laser scanning
confocal microscopy with 0.075 0.01 and two-photon Bes-
sel beam LSFM with 0.085 5 0.005.3D biological imaging
Encouraged by these results, we imaged live MV3 mela-
noma cells expressing the actin-binding peptide tractin-
enhanced green fluorescent protein (EGFP) embedded
deep within a 3D collagen matrix (34–36) labeled with
DyLight 521. The large volume of 162  162  100 mm
was Nyquist sampled with an isotropic 160 nm voxel size
(Fig. 5 A). Because of the long Stokes shift of the collagen
label, experiments could be performed in a single-excita-
tion/dual-emission imaging mode. Fig. 5 B shows a MIP
in the Y-dimension, generating a ZX cross-sectional view.
Collagen fibers are clearly observed, highlighting the excel-
lent Z-resolution of ASLM. The large imaging volume facil-
itates the observation of multiple cells simultaneously, thus
increasing the microscope throughput, and allowing the
observation of phenotypic diversity present in the sample.
For example, three morphodynamically distinct cellular be-
haviors are observed in Fig. 5 B: a smooth cellular cortex
(Fig. 5 B, Cell 1), active membrane blebbing (Cell 2), and
sequestration and reorganization of the collagen matrix
(Cell 3). Fig. S6 provides a magnified view of these cells.
Next, we evaluated the performance ofASLM in acquiring
long-term and simultaneous dual-excitation/dual-emission
volumetric imaging of microtubules and vimentin. A popu-
lation of collagen-embedded RPE-1 cells was imaged
throughout a Nyquist sampled 216  83  100 mm volumeBiophysical Journal 108(12) 2807–2815
FIGURE 5 Large volume imaging of MV3 cells labeled with Tractin-
EGFP embedded within a collagen matrix labeled with DyLight 521. (A)
3D rendering of the imaging volume spanning 162  162  100 mm. (B)
MIP along the Y-direction through the entire volume. Cell 1 has a smooth
cellular cortex, Cell 2 is undergoing active membrane blebbing, and Cell 3
is sequestering the collagen matrix. Detailed views of these three cells are
provided in Fig. S6. Scale bar 20 mm.
2812 Dean et al.over 10 h, encompassing 120 time points and 144,000 raw
images (Fig. 6 A). Fig. 6 B shows a MIP along the Y-dimen-
sion at the 86th time point, shortly after the transition to an
elongated morphology had completed. Fine filamentous fea-
tures can be observed, demonstrating that the high Z-resolu-
tion can be maintained in a complex sample. Interestingly,
cells concurrently progressed from a spherical, clustered
morphology (Fig. 6 C showing cells in XY at t ¼ 0), to a
mesenchymal, elongated morphology (Movie S1 and Fig. 6
D, same area in XY, t ¼ 7 h 10 min). MIP renderings of the
whole volume at these two time points can be found in
Fig. S7. Just before cell division, the vimentin network
rapidly disintegrated into punctate clusters. For example,
Fig. 6, E and F, provide single-plane images (in XY) of the
vimentin and microtubule networks, respectively, for the
cell highlighted in Fig. 6 B. Due to differences in protein
expression and label brightness, and because these dataBiophysical Journal 108(12) 2807–2815were collected in a simultaneous dual-excitation/dual-emis-
sion mode, some signal for vimentin is present as bleed-
through in the tubulin image (e.g., in the cell periphery).
Fig. 6 G provides an overlay, showing the mitotic spindle
in green, surrounded by a constellation of punctate vimentin
in magenta. After completion of mitosis, the vimentin reas-
sembled into fiber bundles, which can be observed in Movie
S1. Thus, ASLM generates raw data with the contrast and
optical sectioning necessary to visualize the morphological
details of macromolecular assemblies over hours without
interfering with cell cycle progression.
Finally, we imaged EGFP-clathrin light chain (CLC) in
ARPE cells (retinal pigment epithelial cells from another
source, see Supporting Materials). CLC is dynamically
incorporated into the clathrin triskelions of assembling
vesicular structures, and manifests itself as diffraction-
limited signals (25). Here, we imaged clathrin-coated endo-
cytosis in 3D away from any hard surfaces with a temporal
resolution of 5–8 s (maximum frame rate ~10 Hz, see
Fig. S8) using the low-NA mode. The maximum frame
rate was limited by the piezo actuator. However, alternative
actuators have achieved kHz bandwidths and should enable
vastly accelerated image acquisition rates (29).
Because of the high optical sectioning capability of
ASLM, individual CLC puncta are visible in the raw
data despite increased background levels due to a diffuse
cytoplasmic distribution of EGFP-CLC (Fig. 7 A). By
combining thorough modeling of the diffraction-limited
clathrin-coated pits and the noise footprint of the optical
setup, a previously published spot detection algorithm (25)
provides robust results even at low SNR on raw data
(Fig. 7 B, Movie S2). Furthermore, the spatiotemporal reso-
lution was sufficient to perform 3D particle tracking (Fig. 7,
C–E, and Movie S3) using the u-track software (37). We
show that the signal quality is sufficient to allow for a homo-
geneous number of tracked CLC puncta throughout the
7 min of acquisition (Fig. 7 F).DISCUSSION
We have presented a light sheet microscopy technique,
referred to as ASLM, which achieves high-resolution
and high optical sectioning throughout large imaging vol-
umes. As a result of its illumination geometry, axial beam
scanning, and active pixel readout, ASLM strongly sup-
presses out-of-focus blur. To our knowledge, ASLM is the
only one-photon light sheet technique that theoretically
maintains diffraction-limited and isotropic resolution over
arbitrarily large imaging volumes. Although we have
described a high-NA LSFM that is best suited for subcellu-
lar imaging, the principles applied here could also be used to
improve the FOV, Z-resolution, and optical sectioning po-
wer of classical low-NA LSFMs. This could be particularly
useful for neurobiological applications involving cleared
FIGURE 6 Large volume time-lapse imaging of collagen-embedded RPE-1 cells genomically tagged with mEmerald-vimentin (magenta) and TagRFP-T-
b-tubulin (green) over 120 time points and 10 h. (A) 3D rendering of the imaging volume (216  83  100 mm). (B) MIP along the Y-dimension. Color
intensity values were inverted to facilitate observation of small filaments, and a gamma value of 0.8 was applied for the microtubules. Scale bar 20 mm.
(C and D) MIPs along the Z-dimension highlighting the transition from an amoeboid to mesenchymal cellular morphology at t ¼ 0 (C) and t ¼ 7 h
10 min (D). (E–G) Single, XY image plane showing raw data from the cell highlighted by the dotted line in (B) showing vimentin (E), microtubules (F),
and an image overlay (G). (C–G) Scale bar 10 mm.
Axially Swept Light Sheet Microscopy 2813tissue, where near-diffraction-limited synaptic features must
be visualized on the millimeter scale.
It is tempting to compare ASLM to confocal methods,
particularly line scan confocal microscopes. However, ma-
jor differences exist from both a theoretical and practical
perspective. In ASLM, the blur-free region of the illumina-
tion beam is imaged in a widefield configuration to a 2D grid
of active pixels, which is swept synchronously with the axial
position of the illumination beam. In this manuscript, the
width of the pixel array was selected to image two Rayleigh
lengths of the beam, and was thus 8 and 60 pixels in the
high- and low-NA modes, respectively. Because, line scan
confocal microscopes use only a linear array of pixels,
ASLM offers 8 and 60 greater parallelization (i.e.,
more efficient use of the applied light dosage) than line
scan confocal microscopes. Furthermore, because of the
orthogonal beam geometry, ASLM achieves significantly
better Z-resolution and optical sectioning than line scanning
confocal microscopes. Indeed, for a line scan confocal mi-
croscope to achieve similar optical sectioning performance
would require the confocal slit to be almost infinitely small,
resulting in an unacceptable loss in fluorescence photons.
Finally, unlike confocal microscopes in general, ASLM is
susceptible to optical scattering and does not improve its
resolution by decreasing the number of active pixels. It is
thus limited, like all other light sheet microscopes, to a class
of reasonably transparent samples.In comparison with other LSFM techniques, the acquired
PSF in ASLM is isotropic and does not contain side lobes
or notable blur. As such, numerical deconvolution or struc-
tured illumination is unnecessary. Indeed, most high-resolu-
tion LSFM methods rely upon structured illumination or
linear/nonlinear deconvolution algorithms to eliminate out-
of-focus blur and restore optical sectioning (7,9–11,13,14).
Additionally, each plane is acquired in a single exposure,
and does not require tiling of multiple beam positions (13)
or computationally intensive fusion of orthogonal image
views (7). Furthermore, ASLM is compatible with simulta-
neous multicolor illumination (unlike Lattice LSFM), allow-
ing multiple labels to be imaged without temporal delay
between acquisitions (14). Simultaneous imaging is neces-
sary to resolve the possibly small temporal delays in molec-
ular activity and localization, which can be used to identify
causality between molecular processes (38,39).
Finally, ASLM provides drastically higher illumination
uniformity compared to Gaussian or propagation-invariant
Bessel beams. This leads to more uniform SNR throughout
the imaging volume, greatly facilitating quantitative imag-
ing methods (e.g., fluorescence resonance energy transfer,
single particle tracking, etc.). Moreover, the FOV can be
dynamically tuned to the region of interest, minimizing un-
necessary illumination of the sample (9). Together, these
qualities make ASLM the method of choice for quantitative,
high-resolution 3D light sheet imaging.Biophysical Journal 108(12) 2807–2815
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FIGURE 7 3D particle tracking of EGFP-labeled CLC puncta in
collagen-embedded ARPE cells over 50 time points at a temporal resolution
of 8.2 s. (A) One raw XY slice through the center of a cell for the 1st time
point with (B) the identified CLC puncta labeled with spheres. (C) 3D
rendering of the same cell at time point 34 highlighting the interior for
easier visualization. (D and E) Superimposed tracks from the 1st to the
34th time point. Color code indicates the lifetime of the track, where
blue is the shortest and red the longest lifetime. Among the tracked puncta
only long-lived clathrin-coated pits (CCPs) at the cell surface (>40 s) are
presented to avoid visual clutter and ensure track consistency. (F) Number
of tracks present in 50 consecutive frames. A steady-state value of ~75
CCPs is observed (the light blue areas represent time windows at the begin-
ning and end of the 50 frames in which the track count is biased by trunca-
tion errors). Scale bar 10 mm.
2814 Dean et al.It has been realized that reducing the peak illumination
intensity minimizes the deleterious effects of nonlinear
phototoxicity and photobleaching mechanisms (14). In this
regard, ASLM scales similarly to parallelized Bessel beam
LSFM (13). More specifically, the axial length of the laser
focus in ASLM is roughly equivalent to the width of five
Bessel beam central lobes. Indeed, we have been able to
perform live-cell imaging over extended timespans of 10 h
and for >2600 time points with modest amounts of bleach-
ing (Movies S4 and S5). Depending upon sample and fluo-
rophore brightness, laser powers used in time-lapse imaging
here were varied between ~360 nWand 18 mW (measured in
the pupil of the objective). Nevertheless, Lattice LSFM har-Biophysical Journal 108(12) 2807–2815nesses an even higher degree of parallelization in illumina-
tion and detection and thus promises lower phototoxicity
(14). ASLM can be improved in this regard by lengthening
the line focus in its propagation direction. This can readily
be achieved by lowering the excitation NA, which comes
at the cost of Z-resolution. However, a more promising
approach represents one-dimensional pupil engineering of
the excitation beam with the goal of increasing the aspect ra-
tio of the line focus.
In summary, ASLM provides robust optical sectioning
capability and enables unrestricted, imaging over large
FOVs with high uniformity. This enabled us to image
metastatic melanoma cells, migrating epithelial cells, and
clathrin-mediated endocytosis deep within biomimetic 3D
collagen matrices. In each case, ASLM immediately re-
vealed a wealth of 3D cell dynamics, clearly demonstrating
an immense potential for biological discovery.SUPPORTING MATERIAL
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